Abstract Neuroinflammation is a local tissue response to injurious stimuli in the central nervous system (CNS) and is characterized by glial reactivity, induction of cytokines and chemokines, and vascular permeability. The cytokine interleukin (IL)-1β is rapidly induced following CNS insult, and is chronically expressed in neurodegenerative disorders such as Alzheimer's disease (AD). We recently developed a novel method of sustained IL-1β production in the brain to study the link between IL-1β and AD pathogenesis. Utilizing this model, we have previously demonstrated reduction of plaque size and frequency accompanied by a robust neuroinflammatory response. These observations were limited to a single early time point in the course of AD plaque deposition and did not investigate other neurodegenerative endpoints. To extend these observations to other stages of disease progression and evaluate additional pathologic markers, we investigated the effects of age and duration of IL-1β overexpression in the APPswe/PS-1dE9 AD model on a congenic C57BL/6 background. We now report that IL1β overexpression leads to decreased 6E10 immunopositive plaque pathology regardless of age or duration. We also investigated whether IL-1β overexpression led to neuronal apoptosis or cholinergic axonal degeneration in the context of this AD model. Although we could demonstrate apoptosis of infiltrating inflammatory cells, we found no evidence for IL-1 associated apoptosis of neurons or cholinergic axon degeneration even after 5 months of chronic neuroinflammation. Together, these observations point to a neuroprotective role for IL-1β in AD neuropathogenesis.
Introduction
The proinflammatory cytokine interleukin(IL)-1β has been extensively studied as a potent mediator of acute neuroinflammatory responses (Basu et al. 2004 ). However, its role in chronic pathophysiological conditions is less well known. IL-1 is upregulated in many degenerative diseases and has long been considered to promote neuronal toxicity in these settings (Griffin et al. 1989; Mogi et al. 1996; McGuinness et al. 1997 ); however, current knowledge regarding the contribution of IL-1 to chronic neurodegeneration is mostly indirect. Research has largely focused on the role of IL-1 in Alzheimer's disease (AD), where the cytokine is upregulated in cells associated with plaques in post-mortem brains (Griffin et al. 1989; Griffin et al. 1995; Benzing et al. 1999) . Speculation for a pathogenic role emerged from the observation that the extent of neuroinflammation in AD brains appeared to parallel pathology (Sheng et al. 1997 ). This hypothesis was strengthened by epidemiological studies showing lowered AD prevalence in chronic users of nonsteroidal anti-inflammatory drugs (NSAIDs) (McGeer and McGeer 2007; Vlad et al. 2008) .
The central nervous system (CNS) innate immune response may become dysfunctional with age, which may explain the inability of microglia to remove aggregated amyloid-β despite chronic activation (Giunta et al. 2008) . A growing body of literature has shown that manipulating the neuroinflammatory response toward enhanced microglial activation can lead to phagocytosis of amyloid-β (Aβ) plaques in mouse models of AD (DiCarlo et al. 2001; Jantzen et al. 2002; Malm et al. 2005; Stahl et al. 2006; Lemere and Masliah 2010) . Our laboratory has recently shown that chronic overexpression of IL-1β can produce similar effects (Shaftel et al. 2007a ). These results suggest that neuroinflammation, and particularly IL-1, might play an adaptive role in Alzheimer's disease whereby amyloid plaque deposition leads to increased cytokine production, which in turn enhances microglial clearance (Shaftel et al. 2008 ).
Using the previously described IL-1β excisional activation transgenic (XAT) mouse model which allows for temporally and spatially controlled chronic IL-1β overexpression (Shaftel et al. 2007a) , we investigated how duration of IL-1β induction and age at induction affects pathology in the APPswe/PS1dE9 AD mouse model. Our results indicate that IL-1β overexpression leads to plaque clearance regardless of age or duration of cytokine expression. In addition, sustained IL-1β did not cause overt neuronal apoptosis or cholinergic axonal degeneration in the hippocampus, as measured by terminal deoxynucleotidyl transferase mediated dUTP nick end labeling (TUNEL) and acetylcholinesterase (AChE) staining, respectively.
Materials and methods
Animals All animal procedures were reviewed and approved by the Institutional Animal Care and Use Committee (University of Rochester Committee on Animal Resources) for compliance with federal regulations before the initiation of this study. Creation and genotyping of the IL-1β XAT mice on the C57BL/6 background has been described previously (Shaftel et al. 2007a) . XAT mice carry a transgenic construct containing a glial fibrillary acidic protein (GFAP) promoter, a loxP flanked transcriptional stop sequence, and downstream ssIL-1β transgene coding for the signal sequence from the human IL-1 receptor antagonist (75 bp) fused to the cDNA sequence of human mature IL-1β (464 bp). To achieve transcriptional activation of the transgene, a feline immunodeficiency virus encoding for Cre protein is directed to the area of interest for Cre-mediated excision of the transcriptional stop at the loxP elements. Heterozygous APPswe/PS1dE9 (APP/PS1) mice (stock no. 005864) on a congenic C57BL/6 background were purchased from Jackson Laboratories (Bar Harbor, ME) and genotyped according to the manufacturer's suggested protocol. APP/PS1 mice were crossed to the IL-1β XAT mice to produce the APP/PS1-IL-1β XAT mice used in most experiments.
Stereotactic Injections Intrahippocampal stereotactic injections of feline immunodeficiency virus (FIV) were performed using FIV-Cre or FIV-LacZ (Invitrogen, Carlsbad, CA). The construction and packaging of FIV-Cre and LacZ have been described previously (Lai et al. 2006) . FIV-Cre and FIV-LacZ include a V5 epitope tag under the control of a cytomegalovirus promoter and were packaged to a final titer of~1×10 7 infectious viral particles (IVP) per ml. Our intrahippocampal injection protocol was detailed previously (Shaftel et al. 2007a) . Briefly, mice were anesthetized with 1.75% isoflurane in 30/70% oxygen/nitrogen gas and secured in a Kopf stereotax. A 0.5 mm burr hole was drilled in the skull at −1.8 mm caudal and 1.8 mm horizontal from bregma and a 33 GA needle pre-loaded with virus was lowered 1.8 mm from the brain surface over 2 min. A Micro-1 microsyringe pump controller (World Precision Instruments, Sarasota, FL) was used to inject 1.5 μl of virus (~1.5×10
4 IVP) at a constant rate over 10 min. Following a five-minute delay to allow viral diffusion, the needle was raised slowly over 2 min, the burr hole sealed with Ethicon bone wax and soft tissues sutured using 6-0 Dermalon suture (Ethicon, Somerville, NJ). For time course experiments, injections were performed bilaterally at either 3 or 8 months of age in APP/PS1-IL-1β
XAT mice with FIV-Cre in one hemisphere and FIV-LacZ in the other. A total of 51 APP/PS1-IL-1β XAT mice were used in this study.
Immunohistochemistry For all immunohistochemical analyses, mice were anesthetized with ketamine and xylazine (i.p., 60-90 and 4-8 mg/kg, respectively) and intracardially flushed with a 0.15 M phosphate buffer (PB) solution containing 0.5% w/v sodium nitrite and 2 IU/ml heparin followed immediately by an ice cold 4% paraformaldehyde solution. Brains were post-fixed for 3 h in 4% paraformaldehyde then immersed in 30% sucrose, snap frozen in isopentane and sectioned into 30 μm free floating slices. Congo red (Sigma), Hoechst (Invitrogen) and terminal deoxynucleotidyl transferase mediated dUTP nick end labeling (TUNEL) (ApopTag; Chemicon) were used according to manufacturer's protocols. Acetylcholinesterase staining was performed as described previously (Hedreen et al. 1985) with the addition of 10 mM tetraisopropyl pyrophosphoramide to the incubation solution. For all such procedures, groups of tissue were processed and stained in parallel under identical conditions.
ELISA and western blot At various timepoints following FIV-Cre/FIV-LacZ injections, mice were anesthetized with ketamine and xylazine (i.p., 60-90 and 4-8 mg/kg, respectively) and perfused with 0.15 M PB containing 2 IU/ml heparin and 0.5% w/v sodium nitrite. Brains were removed and hippocampi microdissected, snap frozen in ice-cold isopentane, and stored at −80°C. Frozen hippocampi were homogenized, vortexed, and sonicated in 20 μl tissue protein extraction reagent (Pierce, Rockford, IL) per milligram of tissue weight with protease (EMD Biosciences, San Diego, CA) and phosphatase (Sigma-Aldrich, St. Louis, MO) inhibitors. To generate samples for Aβ peptide measurements, homogenates were centrifuged for 1 h at 100,000 g, and supernatants containing soluble Aβ fraction were stored at −80°C. Pellets were washed with 1 ml PB, resuspended in an equal volume of 70% formic acid (Sigma), and centrifuged for 1 h at 100,000×g. Supernatants containing Aβ fractions were stored at −80°C until Aβ peptide concentrations were determined by ELISA (Covance) according to the manufacturer's protocol. For Western blot, lysates from homogenized hippocampi were subject to bicinchoninic assay (Pierce) to determine protein concentration. Samples were then diluted in 2x sample buffer containing 125 mM Tris-HCl, 4% SDS, and 20% glycerol, and 15 μg of each sample was electrophoresed on either TrisHCl (for amyloid precursor protein (APP)) or Tris-Tricine (for beta-site APP cleaving enzyme (BACE)-1) polyacrylamide gels (Bio-Rad, Hercules, CA) and transferred to nitrocellulose or PVDF membranes (Bio-Rad), respectively. Membranes were blocked for 1 h in Western blocking reagent (Roche Diagnostics, Indianapolis, IN) and incubated overnight at 4°C in primary antibody to APP (clone 6E10, Covance; 1:1000), BACE-1 (Calbiochem, San Diego, CA; Catalog # 195111; 1:2000) or GAPDH (Ambion, Austin, TX; Catalog # AM4300; 1:5,000). Blots were incubated with peroxidase-linked secondary antibodies (Supersignal West Dura Kit; Pierce) and visualized with X-AR film or the Image Station 440 CF (Kodak, Rochester, NY).
Data analysis and image capture Confocal images were obtained using an Olympus FV1000 laser scanning confocal microscope (Center Valley, PA) in the Confocal and Conventional Microscopy Core of the University of Rochester Medical Center Core Facility Program. All images were acquired using sequential scanning and oversaturation was prevented by using the hi-lo feature of the FV1000 software. UPLAN objectives were used to acquire the images. Light microscopic images were acquired on an Axioplan IIi (Carl Zeiss, Oberkochen, Germany) microscope equipped with a Spot RT camera and software (version 4.5.9.8; Diagnostic Instruments, Burroughs, MI). For area fraction quantification of Congo red or 6E10 staining, images were captured from 3 hippocampal sections per animal using a 5 × objective. Hippocampal boundaries were defined using ImageJ (http://rsb.info.nih.gov/ij/) to determine the area fraction of staining using a low threshold for plaque area of 10 μm to minimize artifacts. Quantification of acetylcholinesterase immunostaining was performed using ImageJ. Two to three sections per animal (N05-8) were subject to blinded mean gray value measurements. Constant threshold levels were maintained between control and IL-1β expressing hemispheres. For Western blot analysis, signals were captured and quantified using the Image Station 440 CF (Kodak, Rochester, NY).
Statistical analyses All results are expressed as mean ± SEM. Graphing and statistical analyses were performed using Prism (GraphPad Software, San Diego, CA). Either paired t-tests or 2-way analyses of variance (ANOVAs) were used to determine significance comparing the IL-1β overexpressing hemisphere to control viral injection in the opposite hemisphere of the same animal. Bonferroni post-hoc tests were used to further analyze significant findings in ANOVA analyses. Significance was established by p-values<0.05.
Results

Reduction of amyloid plaques following one or five months of IL-1β overexpression
Previous studies in our laboratory suggested that IL-1β may play an adaptive role in AD (Shaftel et al. 2007a) . In order to examine this possibility in more detail, we tested whether upregulation of IL-1β contributes differently to plaque clearance at varied ages and duration of IL-1β upregulation. We crossed the IL-1β XAT mouse model to the APPswe/ PS1dE9 (APP/PS1) model of AD on the C57BL/6 background. Resulting APP/PS1-IL-1β XAT mice were injected with FIV-Cre in one hemisphere (for IL-1β overexpression) and FIV-LacZ in the other (as a viral control) at 3 or 7 months of age and sacrificed at 8 or 12 months of age, resulting in either 1 or 5 months of unilateral IL-1β upregulation. Brains were sectioned at 30 μm and stained for 6E10 or Congo red to visualize plaques. Representative images of 6E10 (Fig. 1a) and Congo red (Fig. 1b) staining indicate unilateral plaque reduction at all timepoints. Plaque indices were measured with ImageJ ( Fig. 1c and d) . Twoway ANOVA showed a significant effect of IL-1β on 6E10 area fraction (F(3,19) 052.62, p < 0.0001) (Fig. 1c) .
Individual paired t-tests revealed significance at every timepoint. Two-way ANOVA also showed a main effect of IL-1β on Congo red area fractions with significant reductions in plaque volume observed for the 3-8 month (p00.002) and 7-12 month (p00.04) treatment periods. The shorter IL- 1β induction lengths from 7 to 8 months (p00.09) and 11-12 months (p 00.09) showed trends toward significant reductions in Congophilic plaques, indicating that longer periods of inflammation may be more effective for amyloid clearance (Fig. 1d) .
Insoluble amyloid-β peptides are reduced following IL-1β upregulation APP/PS1-IL-1β XAT mice were injected in the same manner as the previous experiment resulting in either 1 or 5 months of unilateral IL-1β upregulation in the hippocampus. Hippocampi were processed for analysis by Aβ ELISA and western blot. Reduction in hippocampal insoluble Aβ1-40 was observed only in the 3-8 month group (p 00.015) although the 7-12 month group approached significance (p00.06) (Fig. 2a) . The two groups that were subjected to IL-1β overexpression for only 1 month showed no change in Aβ1-40 peptides (Fig. 2a) . Two-way ANOVA showed an overall effect of IL-1β on levels of insoluble Aβ1-42 peptide (F(1,21)012.73, p00.0018). Individual t-tests indicated that IL-1β overexpression mediated significant reductions in insoluble Aβ1-42 peptide levels in both the 7-12 month and 11-12 month groups (p<0.05), while the 3-8 month group showed a trend towards significance (p 00.054) (Fig. 2b) . These observed decreases in insoluble Aβ peptides are consistent with the decreased hippocampal loads of 6E10-positive and Congophillic plaques observed in histological sections.
IL-1β does not alter APP production or Aβ peptide generation
Prior research has suggested a role for IL-1β in regulating APP expression or BACE-1 cleavage of APP in certain experimental paradigms (Goldgaber et al. 1989; Buxbaum et al. 1992; Heneka et al. 2005) . In order to determine whether altered production or processing of APP may be responsible for our observed changes in amyloid pathology, levels of APP and BACE-1 were measured by western blot and levels of soluble Aβ peptides by ELISA. IL-1β induction did not significantly alter levels of soluble amyloid-β (data not shown), full length APP (Fig. 3a) , or BACE-1 (Fig. 3b) , which is consistent with prior work in our laboratory (Shaftel et al. 2007a ). These findings suggest that IL-1β facilitates removal of insoluble amyloid plaques rather than inhibiting or slowing their production.
Neuronal and axonal viability was maintained following one or five months of IL-1β activation
We previously found that upregulation of IL-1 for up to 2 months in IL-1β XAT mice did not lead to overt signs of neuronal toxicity as measured by neuronal cell counts, synaptophysin, and acetylcholinesterase (AChE) staining (Shaftel et al. 2007b ). However, long-term IL-1β expression in a mouse model of Alzheimer's disease may lead to neuronal degeneration. To assess whether one or 5 months of IL-1β overexpression caused neuronal apoptosis we used TUNEL as a marker of cellular apoptosis in APP/PS1-IL-1β
XAT mice that received FIV-Cre in one hemisphere and FIV-LacZ in the control hemisphere. While many TUNEL positive cells could be seen in the dentate gyrus of the hippocampus following IL-1β upregulation at all timepoints, no cellular co-localization was observed with the neuronal marker Neu-N, even in mice that had experienced 5 months of IL-1β upregulation, indicating that IL-1β does not mediate neuronal apoptosis in these mice. Some TUNEL positive cells co-localized with the neutrophil marker 7/4, as indicated by arrows in the representative image of the dentate gyrus from a mouse with IL-1β upregulation from 7 to (Fig. 4a) . Although we suspect that most of the other TUNEL positive cells also represent infiltrating inflammatory cells, additional co-localization experiments with other markers, including ones specific for glia, are required to fully characterize apoptosis in our model. Quantitative data from three sections per animal showed no difference in total numbers of TUNEL positive cells (Fig. 4b) or TUNEL positive neutrophils (data not shown) in the IL-1β-upregulated dentate gyrus among the different timepoints. Importantly, no TUNEL positive cells were observed in the hippocampus that received control viral injections.
Severe cholinergic depletion is a well-known pathologic feature of AD (Tago et al. 1987; Geula and Mesulam 1989) . Some mouse models of AD exhibit overall reduction in cholinergic fibers measured by AChE staining and IL-1β has been shown to increase AChE in neurons, indicating a role for potentiating acetylcholine degradation in AD (Li et al. 2000; Sturchler-Pierrat and Staufenbiel 2000) . In order to explore the relationship of IL-1β to cholinergic neurons in our chronic inflammatory paradigm, we performed AChE staining on APP/PS1-IL-1β
XAT animals that received either 1 or 5 months of IL-1β upregulation unilaterally. Representative images of AChE histochemistry show no change between control and IL-1β hemispheres in the APP/PS1-IL-1β XAT mice at any timepoint measured (Fig. 5a ). Twoway ANOVA demonstrates no significant difference of AChE mean gray value between hemispheres (p00.8096) or time points (p00.3254) (Fig. 5b) . Neither short term nor long term IL-1β upregulation caused depletion of cholinergic fibers in this AD mouse model.
Discussion
IL-1β has long been implicated in the pathogenesis of AD. In an earlier study, we found that sustained elevation of IL-1β leads to profound reduction in plaque pathology in APPswe/PS1dE9 mice on a mixed B6C3F1/J background (Shaftel et al. 2007a ). In the current study, we aimed to reproduce these findings in a congenic C57BL/6 model at different stages of plaque formation and following short and long term periods of IL-1β overexpression. We discovered Fig. 3 APP and BACE-1 levels after IL-1β induction in APP/ PS1 mice. a,b, Western blot for full length APP (a) and BACE-1 (b) with representative image as inset. Data displayed as ratio of IL-1β to control hemisphere at each timepoint normalized to G3PDH. n03-8 per group. m 0 months of IL-1β overexpression Fig. 4 TUNEL as marker of apoptosis following IL-1β overexpression in the dentate gyrus. a, Immunohistochemistry in the IL-1β upregulated dentate gyrus of APP/PS1-XAT mouse (representative images are from 7 to 8 month timepoint). Sections are labeled for TUNEL (green), the neuronal marker Neu-N (red) and the neutrophil marker 7/4 (white). Double-labeled neutrophils are depicted by arrows in merged image. Bar010 μm. b, Quantification of total TUNEL positive cells showed no significant difference between timepoints. n=4 mice per group that IL-1β reduces histochemical plaque indices at all timepoints measured; however, Congo red staining showed trends of greater reduction in the two groups with fivemonth IL-1β overexpression, indicating that longer periods of neuroinflammation may result in greater plaque reduction. This conclusion is supported by Aβ ELISA data showing greatest reductions of insoluble Aβ1-40 peptides within the 3-8 month and 7-12 month groups. Significant reductions were also found at the later timepoints (7-12 month and 11-12 month) for insoluble Aβ1-42, with the 3-8 month group approaching significance. Taken together, these data suggest that the age at induction and length of induction may contribute differently to the balance of amyloid deposition and clearance in this mouse model of AD. However, plaque clearance occurs with IL-1β upregulation regardless of age or duration. Although research suggests a role for IL-1β in APP expression and processing (Goldgaber et al. 1989; Heneka et al. 2005; Paris et al. 2010 ), Western and ELISA data for full length APP, BACE-1, and soluble Aβ1-40 & 1-42 revealed no significant changes in APP production or processing following IL-1β overexpression. This suggests that amyloid burden is reduced via clearance mechanisms rather than by reduced deposition in this model. Several studies have shown that different species of Aβ induce varied toxic effects in the CNS. For example, protofibrils and oligomers of Aβ1-40 & 1-42, rather than fibrillar Aβ plaques contribute to early dendritic and synaptic injury in AD models (Heneka and O'Banion 2007) . As already stated, we did not detect quantitative changes in soluble Aβ concentrations following IL-1β overexpression. We also did not observe neuronal apoptosis or loss of AChE staining, indicating that sustained IL-1 does not cause overt neurotoxicity in this AD mouse model. However, further studies with additional markers are required to fully establish the impact of IL-1β in the context of transgenic Aβ overexpression.
We do not yet know how our observed changes in Aβ load will translate to changes in AD-related phenotypic impairments. One caveat to many AD mouse models is the lack of neuronal death as a disease endpoint; however, behavioral impairments exist in many APP transgenic mouse models (Reiserer et al. 2007) . Future experiments will include behavioral assessments of APP/PS1 × IL-1β XAT mice to determine how changes in plaque load coupled with chronic neuroinflammation correlate with behavior. However, such studies may be challenging to interpret, since we previously demonstrated that IL-1 overexpression impairs hippocampal dependent memory as assessed by Morris water maze and by contextual fear conditioning (Moore et al. 2009; Hein et al. 2010; Matousek et al. 2010) . Interestingly, the behavioral deficit observed with IL-1β overexpression did not occur in mice lacking cyclooxygenase-1 and corresponding increased levels of hippocampal prostaglandin E 2 . Additional studies are underway to understand the biological basis for these observations in the IL-1β XAT mice. Increased numbers of plaque-associated microglial and astrogliosis were observed at all timepoints in APP/PS1 mice following IL-1β overexpression, suggesting that the Bar 0 100 μm. b, Quantification of AChE staining was performed using three representative fields in the molecular layer per section (boxed example in a). n05-8 animals per timepoint, 2-3 sections per animal analyzed. Data presented as average mean gray value ± SEM. C 0 control, I 0 IL-1β, m 0 months of IL-1β overexpression innate immune response contributes to plaque clearance during sustained IL-1β expression. Indeed, it is well known that microglia are capable of phagocytosing Aβ in vitro (Majumdar et al. 2007) , and recent work has revealed that astrocytes can take up Aβ (Pihlaja et al. 2011 ). Furthermore, a growing body of literature suggests that microglial phagocytosis can play a beneficial role in AD (Wilcock et al. 2004; Barger 2005; Takata et al. 2007; Chakrabarty et al. 2010) . For example, methods used to alleviate amyloid pathology via immune activation include passive or active Aβ immunotherapy (Lemere and Masliah 2010) , acute LPS administration (DiCarlo et al. 2001; Malm et al. 2005 ), viral infection (Stahl et al. 2006) , administration of a nitric-oxide releasing NSAID (Jantzen et al. 2002) , and overexpression of the proinflammatory cytokine IL-6 (Chakrabarty et al. 2010) . Microglia in neurodegenerative settings have been implicated in mediating the harmful effects of neuroinflammation (Morgan et al. 2005; Town et al. 2005; Wyss-Coray 2006) . However, the absence of any overt neuronal death or cholinergic axonal degeneration in our study indicates that the inflammatory environment generated by sustained IL-1β is not overtly neurotoxic, as one might expect in a state of chronic gliosis. Aging studies have indicated that microglia become more inflamed yet less capable of phagocytosis and proliferation with age in a process termed 'inflammaging' (Giunta et al. 2008) or cellular senescence (Miller and Streit 2007) . Indeed, the persistence of plaques in AD brains despite evidence that microglia are capable of phagocytosis indicates that their phagocytic abilities may become limited over time. Based on the current work, it appears that IL-1 may be able to reactivate these microglia. Alternatively, IL-1 overexpression may increase recruitment of peripheral myeloid cells, which have been implicated in plaque clearance (Simard et al. 2006; El Khoury et al. 2007) . Additional experiments utilizing bone marrow chimeric mice are currently underway to address this possibility. Regardless of the mechanism, it appears that the innate immune system may be harnessed as a tool for increased amyloid removal.
